The hsr-omega gene of Drosophila melanogaster produces RNA products both constitutively and at elevated levels in response to heat stress. A single-nucleotide difference in this gene that has been detected using denaturing gradient gel electrophoresis (DGGE) is responsible for an hsr-omega a/b polymorphism, and selection experiments have indicated an association between the hsr-omega a allele and susceptibility to heat stress. Since allele frequency estimates for population surveys using PCR and DGGE for single flies would be relatively time-consuming and expensive, we here develop a quantitative competitive-PCR method using mass-grind genomic DNA preparations for this purpose. Geographical and temporal variation of allele frequency at the hsr-omega locus in Australian populations of D. melanogaster are examined. Regular samples from a southern population through a summer season suggested stability of hsr-omega a frequency. Field populations sampled from a ϳ2,250 km north-south transect along eastern Australia revealed a strong positive association between the frequency of hsr-omega a and latitude, and marked spatial autocorrelation. Using appropriate analyses, strong associations between population differences in hsr-omega a frequencies and differences in temperature and rainfall measures, after controlling for latitudinal differences, support the idea that the cline in hsr-omega a frequency may be attributable to some form of climatic selection.
Introduction
Episodes of extreme environmental stress both limit the distribution and abundance of a species and provide the selective forces that shape their physiological potential (Hoffmann and Parsons 1991) . A primary method of detecting natural selection in field populations is by association of trait variation with environmental variables (Endler 1986 ). Although associations do not demonstrate causal relationships, they provide the first insight into traits and environmental factors that are potentially involved in selective processes. The presence of clinal variation has often been considered evidence for natural selection in the field (Mayr 1963) . Traits varying in a gradient or clinal manner have been identified in numerous species (Endler 1977; Partridge and Coyne 1997) . Particularly suitable for experimental analysis are the heritable clinally varying traits of Drosophila melanogaster. For this species, quantitative traits that exhibit clinal variation include egg size and ovariole number (Capy, Pla, and David 1993; Azevedo, French, and Partridge 1996) , larval growth rate , adult body size (Coyne and Beecham 1987; James, Azevedo, and Partridge 1995, 1997; Long and Singh 1995) , ethanol tolerance and desiccation resistance (Parsons 1980a; Stanley and Parsons 1981) . At the genetic marker and molecular level, clines have been demonstrated in this species for the frequency of chromosomal inversions (Knibb, Oakeshott, and Gibson 1981; Knibb 1982) , for repeat number in the period gene (Costa et al. 1992) , and for allele frequencies for a number of enzyme loci (Oakeshott, McKechnie, and Chambers 1984) .
Recent studies have identified the hsr-omega gene of D. melanogaster as potentially important in the adaptation to changing thermal environments (McColl, Hoffmann, and McKechnie 1996) . This gene is induced by heat stress as part of the conserved heat shock response and is essential for survival in elevated temperatures (Pardue et al. 1990) . It produces at least two RNA products, has no known protein product (Fini, Bendena, and Pardue 1989) , and is postulated to be important at the cellular level in the coordination of nuclear and cytoplasmic activities (Pardue et al. 1990 ). Selection for increased heat knockdown resistance produced consistent changes in both allele frequency and transcript levels of hsr-omega in replicate selected lines (McKechnie et al. 1998) . Frequency of the allele hsr-omega a decreased in heat-resistant lines produced by selection after a mild heat pretreatment each generation. This allelic variation is due to a single-base change that is in linkage disequilibrium with several other polymorphic sites in the gene. Such variation may contribute to known heritable differences in stress resistance that occur among strains and populations of the species (Levins 1969; Parsons 1980b; Guerra et al. 1997) .
Here, we report on variation in frequency of hsromega a among samples from populations on the eastern coast of Australia. The north-south transect incorporates a broad latitudinal range varying from tropical to cool temperate. Temporal variation was also examined at three southeastern Australian orchard sites through a summer season as fly numbers increase and peak around fallen fruit and piles of discarded fruit, then decline as resources dwindle and temperatures fall. Population estimates of hsr-omega a frequency were made using a quantitative application of competitive PCR and silverstained denaturing gradient gel electrophoresis (DGGE). This approach is novel and highlights the usefulness of quantitative PCR in population genetics studies. Development of the method and analysis of the observed allelic variation is described in this report.
Materials and Methods

Temporal Study
Field collections were taken from mid-December 1996 to early April 1997 from an orchard site at Wandin, ϳ40 km east of Melbourne. Bottle traps, modified from Tidon and Sene (1988) , containing peaches, nectarines, and bananas, were cleared 3 days after being set, approximately every 2 weeks. A total of eight samples were collected. Average daily maximum and average daily minimum temperatures over two 2-week periods (the first ending 2 weeks prior to collection and the second ending immediately prior to collection) were obtained from the Coldstream weather station ϳ30 km east of Melbourne at a similar altitude to that of the Wandin site. Another two orchard sites were each sampled twice, once at the beginning and once at the end of the 1996-1997 summer. The first was located at Cobram, ϳ210 km north of Melbourne and the second at Hastings on the coast ϳ60 km southeast of Melbourne.
Allozyme Data
Variation at the polymorphic alcohol dehydrogenase (Adh), esterase-6 (Est-6), and glycero-3-phosphate dehydrogenase (Gpdh) loci was characterized for temporal variation at the Wandin site using standard methods Nielsen, Hoffmann, and McKechnie 1985) . A sample size of 66 adults was used for each collection at each locus.
Geographic Study
Samples from 13 populations (Flowerpot, Cygnet, Hastings, Wandin, Chateau Tahbilk at Nagambie, Cobram, Wollongong, Coffs Harbour, Gympie, Yeppoon, Paluma, Cardwell, and Innisfail, at latitudes 43.20, 43.16, 38.2, 37.90, 36.95, 35.80, 34.40, 30.30, 26.19, 23.13, 19.00, 18.27, and 17 .25 degrees south, respectively) were taken from a north-south transect of ϳ2,250 km along eastern Australia. Field collections were made using standard net sweep and box trap methods, using banana as bait. Samples from Gympie, Yeppoon, and Cardwell were of limited size, being derived from recently collected isofemale lines (11, 10, and 9 lines, respectively). Equal numbers from each isofemale line were combined for analysis. The remaining samples were field-caught adults, and for all localities, duplicate DNA extractions, each using 60 adults, were made for allele frequency estimates (except for Tahbilk, with only one replicate). Climatic data, supplied by the Australian Bureau of Meteorology, were obtained from neighboring weather stations, with an average difference of 0.14 Ϯ 0.04Њ latitude between collection site and adjacent weather station. Temperature and rainfall averages were based on 40 Ϯ 8 years and 79 Ϯ 10 years of data, respectively. The climatic variables were average daily maximum temperature (ЊC) for the hottest calendar month (T max ), average daily minimum temperature (ЊC) for the coldest calendar month (T min ), and mean monthly rainfall (mm) for the wettest (R max ) and driest (R min ) calendar months. Associations between allele frequency (angularly transformed; Sokal and Rohlf 1995) and latitude, longitude, and altitude were initially tested using linear regression (SPSS 7.0 for Windows). To test for associations among allele frequency, latitude, and climatic variables, Mantel matrix comparison tests (and partial Mantel tests using matrices of residuals based on standardized differences) were carried out (Fortin and Gurevitch 1993) . These tests minimize the complications of spatial autocorrelation (nonindependence of data points). Matrix comparisons utilized GENEPOP, version 3.1b (Raymond and Rousset 1995) . Since the collection localities largely lie in a straight line along a north-south transect down the Australian coast, differences in latitude were used as estimates of the physical distance between localities in the matrices. Matrices for all variables used the absolute values for the differences (signs removed).
DNA Extraction
Two replicates of 60 adults from each locality were homogenized on ice in 2 ml of lysis buffer (200 mM NaCl, 20 mM Tris-HCl, 20 mM EDTA, and 2% SDS at pH 7.5). Homogenates were incubated at 50ЊC for 1 h after the addition of 100 l of 1 mg/ml proteinase K. Following incubation, phenol, phenol/chloroform, and chloroform extractions were performed on 800 l of sample. Sample DNA was precipitated overnight at Ϫ20ЊC with 0.1 volumes of 3 M sodium acetate (pH 5.2) and 2.5 volumes of ice-cold ethanol, then pelleted by centrifugation and washed twice with 70% ethanol. After drying, samples were resuspended in 1 ml of milli-Q H 2 O. For use as a gel standard, DNA extracts with known frequencies of hsr-omega a were generated by mixing adults in appropriate ratios from isogenic lines of known genotype (McKechnie et al. 1998 ).
Competitive PCR
Primer location and design are as described in McColl, Hoffmann, and McKechnie (1996) . Amplification reactions (25 l) consisted of approximately 50 ng of template DNA, 1.5 mM MgCl 2 , 200 mM of each dNTP, 0.6 mM of each primer, 0.5 U Taq DNA polymerase (Promega), and an overlay of paraffin oil. After 1 min at 94ЊC, amplification consisted of 30 cycles of 94ЊC for 20 s, 58ЊC for 30 s, and 72ЊC for 45 s. On completion, samples were boiled for 4 min, then cooled to room temperature in 5ЊC decrements of 1 min to maximize heteroduplex formation.
Electrophoresis, Silver Staining, and Densitometry DGGE was performed using a DGGE-2000 system (CBS Scientific) as previously described (McColl, Hoffmann, and McKechnie 1996) with several modifications. Polyacrylamide gels were cast onto supporting polyester sheets (203 ϫ 260 mm Gelbond PAG film, Pharmacia Biotech). An aliquot of 10 l was loaded for each sample. Electrophoresis times were increased to 14 h at 66 V. Gels were silver-stained (Bassam, Caetano-Annolles, and Gresshoff 1991) , rinsed in water for 10 min, then covered by a cellophane sheet previously soaked in 10% glycerol to dry. After drying at room temperature, gels were analyzed by densitometry. The relative amounts of the two amplified allele products were determined as peak areas of bands using laser densitometry (GS-700 imaging densitometer, Bio-Rad) and the Molecular Analyst software package (version 1.4, Bio-Rad).
Results
Allele Frequency Determination Using Competitive PCR
The coamplification kinetics of the alternate alleles were examined to determine their relative amplification efficiencies (Siebert 1993) . Using template DNA extracted from a laboratory strain known to be polymorphic for hsr-omega, aliquots of 10 l were sampled from a 100-l PCR reaction at the end of consecutive rounds of amplification. Products were visualized by DGGE and silver staining. Following densitometric analysis, the logarithms of peak areas of homoduplex bands were plotted against cycle numbers. Plots for both alleles remain parallel through 30 cycles (fig. 1) ; the ratio of the log peak area of the homoduplex bands remained almost constant throughout 30 rounds of PCR amplification, demonstrating equal coamplification efficiency of the alleles.
Analysis of templates with known frequencies of hsr-omega a illustrated the accuracy of frequency estimates if samples are taken consistently at 30 cycles of amplification ( fig. 2) . These estimates were made after melting and reannealing samples prior to electrophoresis (to maximize heteroduplex formation). The frequency of hsr-omega a (p) was estimated using the relationship p ϭ (␣ ϩ 0.5␥)/(␣ ϩ ␤ ϩ ␥), where ␣ and ␤ are the relative peak areas of the hsr-omega a and hsr-omega b homoduplex bands, and ␥ is the relative peak area of the hsr-omega a/b heteroduplex band ( fig. 2) . The amount of template DNA (5, 10, 50, and 100 ng) did not affect allele frequency estimates (data not shown).
Temporal Variation
The hsr-omega a frequency estimates from the Wandin population revealed little variation through the summer period ( fig. 3) . Similarly, the mean hsr-omega a allele frequency estimates from the beginning and end of summer from the Hastings (1.00 and 0.99) and Cobram (0.98 and 0.99) populations did not differ significantly. Variation at the Adh, Est-6, and Gpdh loci was also characterized for each collection taken from the Wandin site ( fig. 3) . For each collection, the distribution of genotypes agreed with Hardy-Weinberg expectations at all three enzyme loci (data not shown). No association with average daily maximum or average daily minimum temperature for either the 2-week period immediately preceding the collection or the 2-week period prior to this was found for any of the three enzyme loci or for the hsr-omega variation. 
Geographic Variation
Frequency estimates of hsr-omega a across geographic sites are plotted in figure 4. At least two estimates were made for each site. Regression of hsr-omega a frequency on latitude, longitude, and altitude revealed only a highly significant and positive association with latitude (standardized coefficient of regression ϭ 0.95, P Ͻ 0.001). Latitude accounted for 91% of the variation across sites. To minimize the analysis problem of nonindependence of the data points (due to spatial autocorrelation), Mantel difference-matrix comparison tests were carried out between hsr-omega a frequency and latitude, and each of four temperature and rainfall statistics. Hsr-omega a and latitude difference matrices were highly associated (P Ͻ 0.00001), confirming strong spatial autocorrelation. For hsr-omega a and the climatic variables, highly significant matrix correspondences (P Ͻ 0.0001) occurred only for minimum temperature and maximum rainfall. The maximum temperature difference matrix was of borderline significance (P Ͻ 0.05). Since population differences for each of these three climatic variables were significantly associated with latitude differences (all P Ͻ 0.01), partial Mantel tests (Fortin and Gurevitch 1993) were carried out controlling for latitude. All three partial tests, for maximum temperature, minimum temperature, and maximum rainfall, gave significant associations (all P Ͻ 0.001). Thus, hsr-omega a frequency differences between populations were strongly associated with population differences in these three climatic variables after controlling for the effects of latitude.
Discussion
Previous findings of a strong association between hsr-omega allelic variation and heat knockdown resistance led us to ask whether allelic frequency varied with climate. The quantitative application of PCR/DGGE was developed in the interest of taking numerous field samples, because the single-fly PCR/DGGE detection method would be precluded by cost and time constraints. A closely related quantitative technique, temperature gradient gel electrophoresis after competitive PCR, has previously been reported for the determination of target sequence copy numbers in biological samples (Henco and Heibey 1990; Wieland et al. 1996) . In these applications, the target sequence and an added standard differ slightly in length in order to allow separate detection and quantitation. It is important that the small length difference did not affect amplification efficiencies. The target se-quences in our study are two 432-bp allelic fragments of hsr-omega that are identical in length and differ by only a single nucleotide (A to T at position 2,236; McKechnie et al. 1998) . The estimates of allele frequency used here are based on a comparison of the relative amplified amounts of the alternate alleles; an added internal standard was not needed. Examination of the amplification kinetics has verified that these alleles amplified with effectively equal efficiency.
Our estimates of allele frequency were most accurate when the intensities of heteroduplex bands were taken into account, especially when either allele was at low frequency. Largely, this is because upon renaturation of final PCR products, the rare allele is mostly ''captured'' in a heteroduplex, with few molecules being present as a homoduplex. Also, the kinetics of reannealing in a PCR reaction is complicated by the presence of primer. It is likely that only in later cycles (as the rate of amplification plateaus) will product concentration reach sufficiently high levels to effectively compete with the formation of the primer/template duplex. Heteroduplex formation is known to increase with the number of amplification cycles (McCulloch, Choong, and Hurley 1995; Scheenberger et al. 1995) . In our study, heteroduplexes were not observed in amplifications of less than 34 cycles unless they were melted and reannealed slowly prior to electrophoresis. The slow reannealing step was routinely included in our methodology. Another complicating factor was the absence of the expected two heteroduplex bands from the two-allele sample mixtures, or from heterozygous single-fly DNA extracts. In all our samples, using sensitive silver staining (figs. 1 and 2; Bassam, Caetano-Annolles, and Gresshoff 1991), only a single heteroduplex band was observed. It seems likely that these A-A or T-T mismatches in the heteroduplexes have an equivalent effect on melting temperature that results in comigration. We assumed this to be the case, as this method of using heteroduplex intensity has given reasonable frequency estimates over a range of known allele frequencies. Overall, our trial of the quantitative approach has shown it to be expedient and to provide an acceptable estimate of sample allele frequency. The method could be adapted to other DNA sequence polymorphisms. One disadvantage of the mass-grind method is that no information is available on genotype distributions.
The temporal hsr-omega a frequency data from southeastern populations suggest that allele frequencies were stable and averaged 0.97 though the summer period. Estimates of allele frequency at the three allozyme loci are consistent with previous descriptions of southeastern Australian populations (Oakeshott et al. , 1982 Nielsen, Hoffmann, and McKechnie 1985) . Allele frequency variation at the Adh locus of a similar magnitude has previously been reported at Wandin. Also, at this site the frequency of Gpdh f gradually increased over our sample period but was not associated with mean monthly maximum temperatures, as was previously indicated over an equivalent seasonal period (Nielsen, Hoffman, and McKechnie 1985) .
Spatial allelic variation in hsr-omega has been detected over the sampled populations of D. melanogaster. The two southernmost populations in Tasmania appeared to be fixed for the hsr-omega a allele. A strong latitudinal cline is observed for hsr-omega a , with sites varying in frequency by as much as 0.75. These data provide the first report we know of for a geographic cline in allelic frequency for a heat stress gene, and the range of the frequency variation over 27Њ of latitude is large in comparison with other single-locus latitudinal clines in this species (Oakeshott et al. 1982; Costa et al. 1992 ). Significant levels of gene flow in D. melanogaster have been suggested by the worldwide relative homogeneity of allelic frequencies at many polymorphic loci that are presumed to be selectively neutral (Singh and Rhomberg 1987) . The strong hsr-omega cline suggests either climatic selection or a past history of separate northern and southern populations, genetically differentiated by drift or founder effects and recently merged into the present demographic continuum. If climatic selection is responsible for the cline, we might expect independent parallel clines on other continents over similar latitudes, a worthwhile subject for future investigation.
If selection is responsible for the cline, the hsromega locus may not itself be the selection target. Linkage with other polymorphic genes, such as any located cytologically in the common cosmopolitan inversion In(3R)P, which includes 93D, the site of hsr-omega, may be important. The frequency of In(3R)P also increases toward the equator (Knibb, Oakeshott, and Gibson 1981) . Estimates of linkage disequilibrium between hsr-omega alleles and In(3R)P are required to determine the extent to which this inversion cline is responsible for the observed variation in hsr-omega frequency. Even if associated, the two clines may be independent and influenced by separate environmental factors (see, e.g., Van Delden and Kamping 1997) .
While latitude proved to be a strong environmental correlate of hsr-omega a frequency, maximum temperature, minimum temperature, and maximum rainfall levels were markedly associated with the hsr-omega variation in partial Mantel tests that controlled for latitudinal variation. This result favors climatic selection rather than the demographic merging model. We might have expected an association with geographical temperature variables given the strong association of both allelic variation and expression of hsr-omega with adult resistance to heat knockdown. Such laboratory-measured heat knockdown is thought likely to be ecologically relevant (Huey et al. 1992; Jenkins and Hoffmann 1994) . The allele associated with susceptibility to heat knockdown, hsr-omega a , did decrease in frequency toward the equator. Although the knockdown test of heat resistance has not been applied to samples over this clinal distribution, other measures of heat resistance have been tested, and no latitudinal cline in heat resistance has been reported. There is some evidence, however, for heat resistance differences between heterogeneous samples from northern and southern Australian populations (Parsons 1980b) . No evidence for D. melanogaster differences in the acclimation response to heat has been detected between northern and southern Australian populations (Hoffmann and Watson 1993) .
The heat knockdown susceptibility that is associated with the hsr-omega a allele in selected lines is not correlated with other stress resistance measures, including different measures of heat resistance (Hoffmann et al. 1997) . This indicates that the hsr-omega a/b variation does not influence all measures of heat resistance and may not be part of any general mechanism for resistance to environmental stress. Clearly, the way in which a fly experiences heat stress will determine which underlying physiological or biochemical processes are crucial for high fitness (e.g., different gene products and different genes being involved at different life stages). To better understand both variation in heat resistance and the clinal hsr-omega variation, research needs to focus on the exact types of heat stress that D. melanogaster experience in natural populations, an approach that has been attempted for larval stages (McKenzie and McKechnie 1979; Feder, Blair, and Figueras 1997) .
Latitudinal variation of a number of phenotypic and genetic traits of D. melanogaster is well established, and associative studies between these clinal traits and hsromega may be valuable. Hsr-omega is a highly polymorphic gene (McKechnie et al. 1998 ) with a strong background of information on its structure and expression at the cellular level (Pardue et al. 1990 ). Identification of specific environmental variables that are responsible for this latitudinal cline, along with identification of fitness phenotypes affected by hsr-omega, has high potential to provide future insight into the mechanisms of climatic adaptation.
